Aims/hypothesis Metabolomic profiling in populations with impaired glucose tolerance has revealed that branched chain and aromatic amino acids (BCAAs) are predictive of type 2 diabetes. Because gestational diabetes mellitus (GDM) shares pathophysiological similarities with type 2 diabetes, the metabolite profile predictive of type 2 diabetes could potentially identify women who will develop GDM. Methods We conducted a nested case-control study of 18-to 40-year-old women who participated in the Massachusetts General Hospital Obstetrical Maternal Study between 1998 and 2007. Participants were enrolled during their first trimester of a singleton pregnancy and fasting serum samples were collected. The women were followed throughout pregnancy and identified as having GDM or normal glucose tolerance (NGT) in the third trimester. Women with GDM (n=96) were matched to women with NGT (n=96) by age, BMI, gravidity and parity. Liquid chromatography-mass spectrometry was used to measure the levels of 91 metabolites. Results Data analyses revealed the following characteristics (mean±SD): age 32.8±4.4 years, BMI 28.3±5.6 kg/m 2 , gravidity 2±1 and parity 1±1. Six metabolites (anthranilic acid, alanine, glutamate, creatinine, allantoin and serine) were identified as having significantly different levels between the two groups in conditional logistic regression analyses (p<0.05). The levels of the BCAAs did not differ significantly between GDM and NGT. Conclusions/interpretation Metabolic markers identified as being predictive of type 2 diabetes may not have the same predictive power for GDM. However, further study in a racially/ethnically diverse population-based cohort is necessary.
Introduction
Gestational diabetes mellitus (GDM), defined as diabetes diagnosed during pregnancy that is not clearly overt diabetes, occurs in approximately 5-6% of pregnancies in the USA [1] . Early identification of women at risk for GDM is critical in order to take advantage of GDM risk-reduction strategies and to minimise the detrimental consequences of GDM for mother and offspring. Therefore, research efforts have targeted firsttrimester data collection. In addition to clinical predictors, such as race/ethnicity, family history, BMI and prior history of GDM, first-trimester biomarkers, such as lower levels of adiponectin and sex-hormone-binding globulin, strengthened a GDM risk prediction model [2] . In addition, high levels of C-reactive protein in the first trimester have been associated with an increased risk of GDM [3] . However, studies examining first-trimester metabolites with the aim of identifying women at risk for GDM have been limited. Consequently, we believe our research will further demonstrate the relevance of this area of investigation to GDM risk prediction.
Metabolomic profiling, the systematic study of smallmolecule products of biochemical pathways, has been used to predict, diagnose and monitor several metabolic disorders, including GDM [4] . Yet, the findings of previous metabolomic studies that attempted to determine biomarkers for diagnosing GDM at 14-25 weeks' gestational age have been inconsistent [4] . When considering other potentially relevant models, a recent metabolomic study in a population with impaired glucose tolerance identified the branched chain and aromatic amino acids (BCAAs) leucine, isoleucine, valine, tyrosine and phenylalanine as being predictive of incident type 2 diabetes [5] . Because GDM is associated with an increased risk of subsequent type 2 diabetes [1] we hypothesised that the metabolite profile predictive of type 2 diabetes would also identify women in their first trimester of pregnancy who would develop GDM.
Methods
We conducted a nested case-control study of women who presented for prenatal care to the Massachusetts General Hospital (MGH) Obstetrical Department between September 1998 and January 2007 and participated in the MGH Obstetrical Maternal Study, a previously described population [3] . Women were included in our study if they met the following criteria: were aged 18-40 years; self-identified as white race; delivered live infants at full term (gestational age ≥37 weeks); were healthy, including no history of pregestational diabetes, hypertension or cardiac disease prior to delivery and had complete OGTT data in the third trimester. Approval from the institutional review board was granted by the Partners Human Research Committee prior to study initiation and all study participants provided informed written consent at enrolment.
Participants provided fasting serum samples, and demographic and clinical information, at the first prenatal visit. Women were identified as having GDM or normal glucose tolerance (NGT) based on their third-trimester glucose load test (GLT) and OGTT results. Women were diagnosed with GDM by a 1 h 50 g GLT value ≥7.8 mmol/l and two abnormal values for a 3 h 100 g OGTT according to Carpenter-Coustan criteria [1] . NGT was defined by a screening 1 h 50 g GLT value <7.8 mmol/l. The Broad Institute of the Massachusetts Institute of Technology and Harvard performed all targeted metabolomic analyses using liquid chromatography-mass spectrometry based on methodology described by Wang et al [5] in conjunction with available platform metabolites.
All women identified with GDM were included in the study (n=96) and were matched 1:1 to women with NGT (n=96) by age, BMI, gravidity and parity. Because BMI was hypothesised to be most closely correlated with our metabolites, we first divided GDM and control populations into two BMI subgroups: <30 kg/m 2 (range 19.1-29.9 kg/m 2 ) and ≥30 kg/m 2 (range 30.0-57.7 kg/m 2 ). Next, gravidity was matched within a variance of 0-4 and then parity was matched within a variance of 0-2. Finally, age was matched within the range of 18.4-43.1 years in the BMI < 30 kg/m 2 group and 23.4-44.1 years in the BMI ≥30 kg/m 2 group. Study population characteristics were described by number (percentage) for categorical variables and mean±SD for continuous variables. Paired samples t tests were conducted to compare the difference in means of women with GDM and NGT for each metabolite. A theoretical study sample size of 110 women with GDM and 110 women with NGT was determined to provide a >90% power at a multiple comparison adjusted α (p=0.005) to detect a statistical difference in means between the two groups. The effect size, measured as Cohen's d>0.583, was even smaller than the acceptable magnitude of clinically meaningful differences (d>0.75). Because we were unable to detect differences in metabolites when applying stringent multiple comparisons corrections, we used a twotiered approach. That is, for those metabolites that achieved statistical significance at the unadjusted α (p<0.05), we then conducted conditional logistic regression analyses to estimate the association between each metabolite and the odds of developing GDM. All statistical analyses were performed using SAS for Windows, version 9.2, statistical software (SAS Institute, Cary, NC, USA).
Results
Baseline characteristics revealed that systolic and diastolic blood pressure and birthweight were similar between the two groups (Table 1) . Women with GDM gained significantly less weight and had their first prenatal visit and delivery at earlier gestational ages than women with NGT.
Ninety-one metabolites, including amino acids, amines and other polar metabolites, were analysed (see electronic supplementary material [ESM] Table 1 ). In univariate paired analyses, levels of anthranilic acid, alanine, glutamate, allantoin and serine were found to be higher and creatinine was lower in women with GDM than in women with NGT ( Table 2 ). The BCAAs did not differ significantly between the GDM and NGT populations. However, because gestational age at first prenatal visit was statistically different between GDM and NGT populations, we adjusted for gestational age at first prenatal visit. After adjustment, the odds ratios achieved statistical significance and notably increased for anthranilic acid (p < 0.01) and glutamate (p<0.01) ( Table 2) .
Discussion
Of the 91 metabolites that were analysed, levels of anthranilic acid, alanine, glutamate, allantoin and serine were found to be significantly higher and creatinine significantly lower in women who subsequently developed GDM when compared with women with NGT. Because the odds ratios were appreciable, further investigation is warranted in larger, more racially/ ethnically diverse populations to determine the utility of these metabolites in predicting GDM. In fact, the metabolites we observed to be significantly associated with GDM in [6] and creatinine [7] have been associated with the development of hyperglycaemia and alanine is an important substrate for gluconeogenesis [8] .
The strengths of this study highlight the methodological rigour. We used biochemical confirmation to define our GDM and NGT groups. Also, because fasting serum samples were collected in the first trimester and women with GDM were well matched to those with NGT, potential confounding by existing glucose intolerance was theoretically minimised. However, first-trimester glucose values were unavailable for examination. Although gestational weight gain was significantly different between the two groups, we did not adjust the odds ratios for this variable since we aimed to examine first-trimester predictors of GDM. Additionally, limited lipid data prevented adjustment for triacylglycerols to examine their potential impact on our findings.
Although several limitations to our study exist, we believe our methodological approach enhanced our study findings. Our study could have been limited by correlations between metabolites and clinical variables. For example, we observed that glutamate was correlated with BMI, gravidity and parity and that serine was correlated with BMI and parity (data not shown). Because metabolites have been correlated with age [9] and BMI [10] , the associations we observed between metabolites and the odds of developing GDM may have been underestimated because we matched on these variables. However, the potential underestimation of our findings enhances our confidence in our results. Additionally, we recognise that the inclusion of only women identifying as 'white' limited the generalisability of our results. However, to optimally focus our study on differences in GDM status, we chose to examine women of one race. Additionally, the high degree of collinearity among the metabolites prevented the performance of cluster analyses and potential identification of specific metabolic pathways. Moreover, although there was no significant difference between GDM and NGT groups in the length of time that the samples were stored before analysis, validation studies to determine the effect of storage time on metabolite levels were not performed. Consequently, further investigation in a racially/ ethnically diverse population-based cohort is necessary to determine the usefulness of these metabolites in predicting GDM. Future prospective studies should also involve an untargeted metabolomic assay to capture as many metabolite differences as possible, including lipids, as well as include family history of diabetes and glucose levels at the first prenatal visit.
To our knowledge, this is the first study to examine the potential of first-trimester metabolites in identifying women at risk for GDM. Given the growing incidence of obesity and diabetes in the USA, early detection of GDM provides an opportunity for primary intervention strategies which would not only improve the health of mother and fetus but also decrease the risk of development of type 2 diabetes. These metabolite data facilitate hypothesis generation regarding the pathogenesis of GDM and have the potential to guide future research into novel metabolomic biomarkers of GDM. Duality of interest The authors declare that there is no duality of interest associated with this manuscript.
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